Consumers are pressuring companies to produce products with superior sustainability performance, yet educators are disadvantaged in training students about sustainable engineering and many engineers are often not well-positioned to perform product sustainability assessments. In particular, quantifying environmental impacts is a key aspect of achieving improved product sustainability performance that has garnered much attention over the past two decades, but tools remain deficient to assist manufacturing decision making. In light of efforts undertaken to develop sustainability assessment methodologies, we review recent developments in quantifying a widely adopted environmental performance metric, carbon footprint, in manufacturing processes and supply chain networks. We also present a methodology to address the deficit identified from this review for simple, easy-to-use sustainability assessment methods and tools. We suggest a questionnaire-based methodology to provide non-experts with a better understanding of sustainability performance, specifically during the product design phase. An application of the methodology is demonstrated to quantify and compare environmental impacts for the production of two quadcopter upper shell designs. The review presented can help the sustainable design and manufacturing community in identifying research gaps, while non-expert engineers and engineering students can benefit from application of the presented methodology in learning and in practice.
Introduction
Energy consumption and the challenges associated with reducing its carbon footprint have received attention for many years. In the industrial sector, it is pertinent to evaluate and improve the sustainability and energy efficiency of manufacturing processes [1] , as manufacturing processes constitute the building blocks of industrial output [2] . Schools and universities should encourage the next generation of engineers to contribute to the task of sustaining and improving manufacturing by providing appropriate types of education and training. However, existing science and engineering curricula have challenges in delivering educational training for assessing technical solutions that encompass all three aspects of sustainability, while practicing engineers undertake ad hoc approaches to sustainable product and process development; often without proper tools or training to do so [3] .
Considering the increasing importance of sustainability, academia must educate students as the next generation of engineers, who will be the key decision makers on sustainability topics, and training manufacturing practitioners about sustainable engineering methods [4] . Students must be trained to fulfill the requirements of knowledge-based and sustainable manufacturing since no superior sustainable solutions can be achieved without a skilled workforce. Moreover, a flexible workforce that can address changes in manufacturing technologies and systems is critical to competitiveness [5] . Industry is in need of practitioners with broad knowledge of advanced, smart, and sustainable manufacturing principles and practices to achieve appropriate and lasting products and processes. The need for relevant engineering education is a motivation for further developing industry-university relations in manufacturing engineering education [6] . Further, Kremer et al. [7] highlighted the need to develop operational methods to assist design engineers and decision makers in sustainable product design and manufacturing. However, students largely remain unacquainted with sustainability principles and practices, and practitioners often lack the technical background to conduct sustainability assessments.
Thus, the objective of this research is to enable non-experts (engineering students and novice practitioners) to analyze sustainability performance of manufacturing processes and supply chain network configurations during the early product design phase. Here, we define "non-experts" in sustainable manufacturing as "decision makers (e.g., engineering students and engineering practitioners) that do not possess specialized knowledge in sustainability analysis of manufacturing processes and product supply chains" [8] . The proposed methodology provides an opportunity for students and designers to learn sustainability principles, while supporting development of their skills and knowledge for making contributions in sustainable manufacturing and expanding their view of sustainable manufacturing. The methodology developed herein supports a manufacturing analysis module, which is part of a web-based application being developed under a collaborative research project, entitled Constructionism in Learning: Sustainable Life Cycle Engineering (CooL:SLiCE). The CooL:SLiCE online learning platform, which consists of design, manufacturing, and supply chain analysis modules, enables users to gain exposure to design and sustainability issues through hands-on and active learning.
The next section provides a background for sustainable supply chain and manufacturing analyses. The section following the background discussion presents the methodology developed to aid non-experts in the design of sustainable products. Next, a demonstration of the methodology, including the assessment inputs and assessment results, is described for the design and fabrication of multicopters. Finally, the conclusions of the work are discussed and opportunities for future research are provided.
Background
To achieve sustainability, three aspects -economic, societal, and environmental -should be considered. Elkington [9] defined the triple bottom line (TBL) approach as simultaneous consideration of all three aspects of sustainability and introduced alternative terms for these aspects, i.e., planet, profit, and people. As a sustainable development indicator, carbon footprint is applied in this research for quantifying environmental impacts as direct and indirect greenhouse gas emissions from a specific activity [10] . Many definitions have been provided for carbon footprint (e.g., Peters [11] and Weidmann and Mins [12] ). Weidmann and Mins, considering the concept of entire product life cycle (Fig. 1) , defined carbon footprint as the measure of the total amount of carbon dioxide emissions that is directly and indirectly caused by an activity or is accumulated over the life stages of a product.
